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Effect of the Nature of the Metal Atom on Hydrogen Bonding and Proton
Transfer to [Cp*MH;(dppe)]: Tungsten versus Molybdenum**
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Abstract: The hydrogen-bonding and
proton-transfer pathway to complex
[Cp*W(dppe)H;]  (Cp*=n*-CsMes;
dppe =Ph,PCH,CH,PPh,) was investi-
gated experimentally by IR, NMR,
UV/Vis spectroscopy in the presence of
fluorinated alcohols, p-nitrophenol, and
HBF,, and by using DFT calculations
for the [CpW(dhpe)H;] model (Cp=
1’-CsHs; dhpe = H,PCH,CH,PH,) and
for the real system. A study of the in-
teraction with weak acids
(CH,FCH,0H, CF;CH,0H,
(CF;),CHOH) allowed the determina-
tion of the basicity factor, E;=1.73+
0.01, making this compound the most
basic hydride complex reported to

date. A computational investigation re-
vealed several minima for the [CpW-
(dhpe)H;] adducts with CF;CH,OH,
(CF;),CHOH, and 2(CF;),CHOH and
confirms that these interactions are
stronger than those established by the
Mo analogue. Their geometries and rel-
ative energies are closely related to
those of the homologous Mo systems,
with the most stable adducts corre-
sponding to H bonding with M-H sites,
however, the geometric and electronic
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parameters reveal that the metal center
plays a greater role in the tungsten sys-
tems. Proton-transfer equilibria are ob-
served with the weaker proton donors,
the proton-transfer step for the system
[Cp*W(dppe)H;]//HOCH(CF;), in tolu-
ene having AH = (—3.940.3) kcalmol *
and AS=(—17+2)calmol ‘K. The
thermodynamic stability of the proton-
transfer product is greater for W than
for Mo. Contrary to the Mo system,
the protonation of the [Cp*W-
(dppe)H;] appears to involve a direct
proton transfer to the metal center
without a nonclassical intermediate, al-
though assistance is provided by a hy-
dride ligand in the transition state.
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Introduction

Hydrogen bonds involving transition-metal mono- and poly-
hydrides as proton acceptors have attracted considerable at-
tention in recent years due to their involvement in inter-
mediates of fundamental processes such as enzymatic dihy-
drogen evolution and catalytic ionic hydrogenation.™ As
proton acceptors, M—H moieties offer a relatively unencum-
bered site of attack, in which the proton-accepting orbital
ouy (mostly constituted by the spherically symmetrical 1s or-
bital of the H atom)!" is relatively insensitive to angular lim-
itations for the best interaction with the proton donor (Fig-
ure la). Spectroscopic manifestations of hydrogen bonding
in (M)~H-+-H—A complexes are similar to those found in
the case of classical hydrogen bonding.®! Accordingly, the

a) M<H. b) M=H
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Figure 1. Possibilities for the metal hydride interaction with proton
donors.
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(M)H:-H-A angles tend to be linear in dihydrogen-bonded
complexes.” On the other hand, the dihydrogen-bonded
complexes of metals with a d" (n=2) configuration (namely,
possessing at least one metal-based lone pair) often feature
the nonlinear M—H--H(A) arrangement, such that the
proton-donor A—H bond approaches the M-H unit in a
side-on direction.'”! A typical H-~M distance in such a case
was found to be 2.8 A, leading to a possible ambiguity, be-
cause a metal’s d, nonbonding orbital, if pointing between
the ligands, could, in principle, interact with the A-H proton
(Figure 1b). Providing the hydrogen bonding involving
metal lone pairs as proton acceptors is very well established
for metal complexes that do not contain hydride ligands
(e.g., L M-~HA with L£H),""'% this may not only mean an
additional interaction, but may ultimately lead to the
proton-donor coordination to the metal center. However,
many examples are known in which the protonating reagent
attacks a hydride position, yielding a dihydrogen complex as
the kinetically controlled protonation product, even when
the classical di- or polyhydride product is thermodynamical-
ly favored.['" 22

This general behavior for the protonation of hydride com-
plexes may be summarized as shown in Scheme 1, in which
the initial competition between a metal lone pair and a hy-

cis-dihydride
- A
+ H i IX Ve H_| ¥ x_
s —
M\ M\
H H

X— H‘\ /A H—X o
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X=---H-M—H + H H It x
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H-M-H* X v [lsomerization __— dihydrogen complex

trans-dihydride

Scheme 1. Two pathways of proton transfer to transition-metal hydrides.

dride unit leads to the hydrogen-bonded adducts I and II,
respectively. In the second case, however, both the hydride
ligand and the metal atom could contribute to the interac-
tion, leading to either a dihydrogen complex or a cis-dihy-
dride, depending on the relative energy of these isomers.
Note that the isomerization process interconverting a dihy-
drogen complex and a cis-dihydride, in cases involving a
possible double minimum, is predicted to have a very small
activation barrier,” whereas much larger activation barriers
are associated with processes in which a more severe ligand

rearrangement occurs, such as in cis/trans isomeriza-
tions.?+2¥
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Given the above scenario, it may be reasonable to expect
that the kinetic preference for attack at an M-H site versus
the metal lone pair should be greater for a polyhydride com-
pound than for a monohydride compound. Recently, we re-
ported detailed investigations®*! on the hydrogen bonding
and proton transfer to complex [Cp*Mo(dppe)H;], an elec-
tron-rich half-sandwich trihydride complex of Mo'."!! The
protonation product observed by the use of either strong
(HBF,, CF;COOH) or moderate (perfluoro-terz-butanol
(PFTB), hexafluoroisopropanol (HFIP), p-nitrophenol)
acids is the classical tetrahydrido derivative, [Cp*Mo-
(dppe)H,]*, without detection of any nonclassical intermedi-
ate, even upon working at 200 K. On the other hand, use of
even weaker proton donors (2,2,2-trifluoroethanol (TFE), 2-
fluoroethanol (MFE)), and low temperatures (200 K),
backed up by a theoretical investigation, revealed that the
most likely site of attack is a hydride ligand. The calcula-
tions, which were carried out in the [CpMo(dhpe)H;] model
system (dhpe =H,PCH,CH,PH,), could also locate the non-
classical protonation product, [CpMo(dhpe)(n*-H,)H,]*, in
a shallow energy minimum and showed that its rearrange-
ment to the more stable (by 1.5 kcalmol ™ in the gas phase,
1.7 kcalmol™! in CH,Cl, solution) classical tetrahydrido
product occurs with an extremely small activation barrier of
1.8 kcalmol ™! in the gas phase (1.3 kcalmol™! by use of the
polarizable continuum model (PCM) in CH,Cl,).”"! Thus, it
appears that this complex undergoes a kinetically favored
protonation of a hydride ligand, however, the resulting dihy-
drogen complex does not accumulate at sufficiently high
concentration for detection before rearranging to the final
tetrahydrido product.

It is of interest to investigate trends of fundamental prop-
erties for series of compounds with the same stoichiometry
for metals within the same group. This kind of knowledge
for hydrogen bonding and proton transfer to transition-
metal hydrides is still scarce, the only two series of hydrides
studied to date being [PP;MH,] (M=Fe, Ru, Os; PP;=
P(CH,CH,PPh,);)** and [Cp*MH(dppe)] (M=Fe,
Ru).?*2>2"1 Thus, we have proceeded to investigate the be-
havior of [Cp*W(dppe)H;] hydride® in terms of hydrogen
bonding and proton transfer. The results of this investigation
and a comparison with those previously described for the
Mo analogue are reported here.

Results

The investigation of hydrogen bonding and proton transfer
to complex [Cp*WH;(dppe)] followed a combined spectro-
scopic and theoretical protocol, similar to that used previ-
ously for complexes [Cp*M(dppe)H] (M=TFe, Ru),?*?
[Cp*Mo(dppe)H;],**" and [CpRuH(CO)(PCy;)].*

Study of the starting trihydride complex: The synthesis and
full characterization of this compound has been reported
previously.®%! An X-ray structure was reported for the Mo
analogue and the similarity of the spectroscopic properties
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and chemical behavior leave no reason to suspect that the
structure may be different for the W trihydride complex. It
must be underlined that [Cp*Mo(dppe)H;] adopts a pseudo-
trigonal prismatic structure (once the Cp* ligand is idealized
as occupying a single coordination position coinciding with
the ring centroid), instead of the much more common
pseudo-octahedral arrangement. However, the same geome-
try has since been observed for other isoelectronic half-
sandwich hydride complexes of Group6 metals, that is,
[(CsHiPr,)Mo(PMe;),H;]%" and [WCp*(CO),H,-
(SiH,Ph)].B¥ The adoption of the same structure by [Cp*W-
(dppe)H;] was also suggested by subsequent DFT geometry
optimizations, which were run at the B3LYP/LANL2DZ
level, on the smaller [CpW(dhpe)H;] model system in which
the methyl groups of the cyclopentadienyl ring and the
phenyl rings of the dppe ligand were substituted by hydro-
gens.®!

To compare the structure of the trihydride compound
with those of the hydrogen-bonded adducts and proton-
transfer products, and to analyze the computational results
in greater detail, the optimization of the same model com-
plex [CpWH;(dhpe)] was repeated with a more extensive
basis set (see Computational Details) and includes the fre-
quency calculations. Furthermore, selected calculations were
carried out on the real complex to check the appropriate-
ness of the smaller model. Cartesian coordinates of all opti-
mized geometries are available in the Supporting Informa-
tion.

As expected, the calculated structural parameters closely
match those obtained with the previous calculations and ex-
perimentally obtained for the Mo analogue, whereas the
spectroscopic parameters resemble those found for the mo-
lybdenum congener.” A view of the optimized geometry is
shown in Figure 2. As is perhaps best appreciated from the
top view in Figure 2c, the three hydride ligands are asym-
metrically disposed, one on one side and two on the oppo-
site side of the plane that contains the two P donors and the
Cp¥* ring centroid. Atoms H1 and H2, although being situat-
ed rather symmetrically across the ideal plane that contains
atoms W, H3, and the ring centroid, are not equivalent in
terms of the W-H distances and Mulliken charges, H1 being
closest to the metal atom and possessing a higher negative
charge than H2. The unique H3 atom exhibits the longest

@
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W-H distance and bears the highest negative charge, thus
clearly appearing as the most hydridic site.

An IR study of complex [Cp*WH;(dppe)] was also previ-
ously reported,® although the low spectral quality prevent-
ed an unambiguous assignment of the three expected
normal modes for the WH; moiety. Therefore, a higher qual-
ity spectrum has now been obtained. Like its molybdenum
analogue, [Cp*WHj;(dppe)] displays a wide vyy band of
complex shape, which is superimposed with a few weaker
features belonging to overtones of the phenyl-group vibra-
tions. A band decomposition, performed after subtraction of
the dppe spectrum, shows the presence of three vy vibra-
tions: 1964w, 1882m, 1846scm™' in THF; 1959w, 1873s,
1822scm™ in CH,Cl, (see Figure S1 in the Supporting Infor-
mation). These were assigned on the basis of the computa-
tion of the W-H normal modes, which are represented sche-
matically in Figure 3. Thus, the higher-energy normal mode

H3
=

- HI -
v, = 1948 em-! v, = 1864 cm! vy = 1812 cm!
A 0.27 0.48 0.67
W-H1 0.844 0.048 0.064
W-H2 0.035 0.718 0.186
W-H3 0.091 0.194 0.672

Figure 3. The W-H normal modes of the DFT optimized [CpW (dhpe)Hs]
with their frequency, intensity (A, 10* Lmol'cm~2), and potential-energy
distribution (major components are in bold italic). The Cp- and P-
bonded H atoms and ethylene backbone have been omitted for clarity.

(vy) is essentially a pure stretching vibration of the hydride
ligand H1, which shows the shortest (and therefore stron-
gest) bond. The other two vibrations are relatively close to
each other in frequency and are a mixture of the other two
M—H bond vibrations, the higher-frequency one (v,) being
an in-phase combination with the major contribution from
the shorter bond to H2, and

the lower-frequency one (vs)

H2 ¢ HI being an out-of-phase combi-
647 031 nation with the major contribu-

/ tion from the longer bond to
'1.696(1.698)

H3 @os

Figure 2. Optimized geometry of a) [CpW(dhpe)H;], b) [Cp*W(dppe)H;], and c) main geometrical parameters
(distances in A, angles in degrees) for the WH; moiety. The values in parentheses correspond to those opti-
mized for the full system. The numbers on the three H atoms are the computed Mulliken charges.
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H3. The intensities of the vyy
1334 129.7 bands increase as the tempera-
(135.7) (127.9) .
3 ture is decreased. The absorb-
ance of the strongest band
| 1737(1.736)

changes upon cooling from 270
to 200K from 59.5 to
759 Lmol 'em™! in THF and
from 60.5 to 85.5 Lmol 'cm™
in CH,Cl,.
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Hydrogen bonding to [Cp*W(dppe)H;]: Experimental infor-
mation: The IR study of the interaction of [Cp*WH;(dppe)]
with MFE and TFE in CH,Cl,, carried out in the vy range,
shows the appearance of the expected low-frequency shifted
and quite broad vgy band for the hydrogen-bonded OH
group. It is important to underline that these measurements
are carried out with excess hydride, thus favoring the forma-
tion of 1:1 adducts. From the analysis of the voy region of
the spectrum, the hydrogen-bond enthalpies, —AH°, were
obtained by two independent methods; the Van’t Hoff
method (Table 1)®“? and the empirical correlation outlined
in Equation (1):

SAH = (1)

Subsequent use of the Iogansen relationship' ! gives the

basicity factor E; reported in Table 1, making [Cp*WH;-
(dppe)] the most basic transition-metal hydride compound
reported so far.’! This justifies the observation that even the
weakest fluorinated alcohol MFE is sufficiently acidic to
afford equilibrium amounts of the proton-transfer product
in CH,Cl, (see below).

Table 1. Parameters of the hydrogen bonding between [Cp*WH;(dppe)] and MFE or TFE, and basicity fac-

tors of the hydride complex.

1790 1740

1990 1940 1890 1840

viem™

Figure 4. IR spectra of [Cp*W(dppe)H;] (0.04M) in the vy_y stretching
region in the presence of MFE at the following concentrations: a) OMm;
b) 0.2m; ) 0.4M; d) 0.6M. CH,Cl,, 200 K.

increasing amounts of MFE in CH,CI, at 200 K (Figure 4).
However, no unambiguous band deconvolution was possible
for these spectra because of the occurrence of partial proton
transfer, even under these mild conditions. These spectro-
scopic changes underscore a difference between the nature
of the H-bonded adduct for the homologous Mo and W tri-
hydrides complexes, however,
the above-mentioned problem
of possible M-H vibration
mixing in the normal mode re-

ROH  Vouges)  Vomponsey AV Avyp AR AH°M Asel E;  quires caution for the extrapo-
[em™] [em™] [em™]  [em™]  [kcalmol']  [kcalmol™']  [calmol'K™] lation of these observations to
MFE[[]C] 3608 3248 360 261 —6.0 174 3 structural assignment.
TFE"“ 3604 3140 464 251 71 —6.5+0.6 —18+2 1.72 . . .
Additional experimental evi-
HFIPY 3535 ~7.6+0.9 -1943 1.77 P

[a] AH® parameter calculated by the empirical relationship of Equation (1). [b] AH® and AS® parameters calcu-
lated by the Van’t Hoff method. [c] In CH,Cl,. [d] In toluene. In this solvent, maximum of Vogpondeay Dand is

masked by vy absorptions.

In an attempt to establish which of the four possible sites,
namely the W atom and the three hydride ligands, is used as
proton-acceptor site for hydrogen bonding, the IR spectra
were analyzed in the vyy stretching-vibration region in the
presence of proton donors. Following previous studies, dihy-
drogen bonding (i.e., H bonding to a hydride site) results in
a low-frequency shift of the corresponding M-H stretching
vibration band, whereas hydrogen bonding to a metal lone
pair causes a high-frequency shift.®*” However, the mixing
of bond vibrations in the normal modes for polyhydride
compounds makes the analysis of frequency shifts much
more complicated. This was clearly demonstrated for the
[Cp*MoH,(dppe)]-alcohol system,?” in which the interac-
tion (excess MFE, CH,Cl,, 200 K) leads to broadening and
to a small (=5 cm™") low-frequency shift of the vy band,
attributed to the effect of dihydrogen bonding. For the pres-
ent compound, similar and even more pronounced spectro-
scopic changes would be expected, due to the higher basicity
of the tungsten hydride complex, if the H bonding site was
the same as for the Mo analogue. Instead, a gradual high-
frequency shift and an intensity decrease for the major vyy
band of [Cp*WH;(dppe)] were observed in the presence of

9924
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dence was sought by 'H and
SIP{'H} NMR spectroscopy
using the interaction of
[Cp*W(dppe)H;] with HFIP in
[Dg]toluene. In the absence of
proton donor the hydride signal of [Cp*W(dppe)H;]
(0-5.99, 210 K) exhibits a minimum value of the longitudi-
nal relaxation time T, of 0.425s at 250K (500 MHz).
Upon addition of approximately two equivalents of HFIP
this signal does not significantly shift and its T, is only ap-
proximately 10 % lower (0.391 s at 250 K). A summary of all
T, measurements is available in the Supporting Information
(Figure S2). For unambiguous cases of hydrogen bonding to
hydrides, an upfield shift and a significant (e.g., 20% or
more) lowering of T, is observed for the hydride reso-
nance, even for polyhydrides. For example, the magnitude of
the high-field signal shifts and 7 relaxation-time measure-
ments show preferential coordination of the alcohol to the
central hydride of [Cp,NbH;].* Similarly, upfield shift and
Timin shortening found for one of the two hydride signals of
[P(CH,CH,PPh,);0sH,|*? or [H,Re(CO)(NO)(PMe,),]*! in
the presence of fluorinated alcohols was interpreted as evi-
dence for dihydrogen bonding to the more hydridic hydride
ligand. Thus, the NMR data, like the IR data, reported
herein do not allow an unambiguous assignment of the H-
bonding site. For these reasons, we have turned to a compu-
tational investigation of the H-bonding interaction.

Chem. Eur. J. 2008, 14, 9921 -9934
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Hydrogen bonding to [Cp*W(dppe)H;]: A computational
insight: The formation of hydrogen-bonded adducts was in-
vestigated with both TFE and HFIP, using the model [CpW-
(dhpe)H;] system for most investigations. Because previous
studies have shown the importance of the cooperative effect
of two proton-donor molecules for the subsequent proton-
transfer process, selected calculations were also carried out
on bis-alcohol adducts. The evaluation of the interaction en-
ergies is subject to the basis set superposition errors
(BSSE), especially in cases such as this one in which the in-
teraction is weak and the basis sets used are not very
large.[*! The typical counterpoise correction was applied.[*’]
In addition, the interaction energies were evaluated in di-
chloromethane solution by running single-point calculations
on the gas-phase optimized geometries with the polarizable
continuum model (PCM) (Figures 5 and 6)."*! For com-
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Figure 6. Optimized structures of the [CpW(dhpe)H;]-HFIP adducts.

H3--H(O) “dihydrogen bonds”. At first glance, they should
be considered together with adducts A/A’. However, an ad-
ditional interaction with the tungsten atom in D/D’ is evi-

b 2

J&“u‘ i %, g, 9 ‘Jéj: & dent from the rather short W---H(O) distances and from the

e fﬁ?‘ '*Jl ; _(-"_'“? " b 3 o 4&*‘ 5 i wide O—H--W angles, closer to linearity than O—H--H3.

'zﬁ ’ :_u : o o f"lff ", Species C2' and D/D’ also show a significant tilting of the

i ’ L - dhpe ligand toward the Cp ring, relative to free [CpW-
A B C D

Figure 5. Optimized structures of the [CpW(dhpe)H;]-TFE adducts.

plex A (TFE)/A’ (HFIP), the proton donor interacts with
the unique hydride ligand H3. These adducts are those
showing the longest distance of the proton from the W
atom. For adducts B/B’, the proton donor is on the other
side of the P-W-P plane close to the hydride ligands H1 and
H2. It interacts simultaneously with both W—H bonds, more
strongly with one of the two (H2 for B and B2, H1 for
BY’), and the separation from the W atom is also relatively
short. The O-H-+-H(W) angles are between 154 and 162°,
and the O-H--W angles are in the 160-167° range. Notably,
the W--H(O) distance in these adducts is shorter that in the
related Mo complexes, thus suggesting the significant partic-
ipation of the metal atom to H
bonding. The C (TFE) and
C1’, C2' (HFIP) isomers fea-

(dhpe)H;]. Hydrogen-bond formation also leads to an elec-
tron-density shift, increasing the absolute value of the nega-
tive charge on the hydride ligand and/or tungsten atom in-
volved in the interaction (see Tables 2 and 3).

To gain an insight into the proton-transfer process, which
requires the addition of two proton-donor molecules (see
section “Kinetics of the proton-transfer process” below),
calculations were also carried out on bis-HFIP adducts, still
using the smaller [CpW(dhpe)H;] model. Details of these
calculations are given in the Supporting Information. As ex-
pected,® 3 the second HFIP molecule further stabilizes en-
ergetically the hydrogen-bonded species by stabilizing the
partial negative charge on the oxygen atom through the ad-
ditional hydrogen bond with the second proton-donor mole-
cule. This O—H--O hydrogen bond further strengthens the
primary [CpW(dhpe)H;]-HFIP interaction, leading to short-

Table 2. Main energetic, structural, and charge parameters of the [CpW(dhpe)H;]-TFE adducts. Energies are
given relative to the separated reactants.

ture a nearly linear O—H--W

moiety (172-177°) and the NG Tecalmol ] A97 Bll 5 Cllo D85
. as phase | K€almo -9. —11. —11. —8.
shortest (O)H-+-W distances AEissi [keal mol '] _50 _84 64 _41
and, thus, the strongest hydro-  Ag . [kcalmol™] 13 34 33 o4
gen bonds with the metal dist. (O)H-H(W) [A] 1.742 2.126(H1) 2273 1.673
center. The C2' isomer also . 1.771(H2)
shows a relatively short dis-  4ist (OJH=W [A] 3.040 2.882 2.816 2.925
& O-H--H(W) 1515 139.8(H1) 138.1 157.6

tance to H3 (1.809) and a rela- 161.8(H2)
tively wide O-H--H3 angle g o-H-w 1529 159.6 173.8 162.5
(142.1°). The main interaction,  ry [A]" 1.693 (—0.003) 1.704 (0.008) 1.696 (0.000) 1.740 (0.044)
however. is with the metal w-m [A]Y 1.733 (0.007) 1.718 (~0.008) 1.738 (0.012) 1.725 (—0.001)

’ . rwens [A]® 1.742 (0.005) 1.737 (0.000) 1.739 (0.002) 1725 (—0.012)
center. Thus,.lt seems that a Agabl 0,005 0106 0163 0,016
metal lone pair contributes the A, 0.002 —0.015 0.015 0.007
most to the interaction in these  Agy," 0.003 —0.041 0.011 —0.040
adducts. Finally, species D/D’  Aqus" ~0.064 0.011 0.003 —0.036

feature = very  short  W-

Chem. Eur. J. 2008, 14, 9921 -9934

[a] Value of A7 (Feompi—Firee) i parentheses. [b] Ag = qeompr-—Gree-
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Table 3. Main energetic, structural, and charge parameters of the [CpW(dhpe)H;]-HFIP adducts. Energies are given relative to the separated reactants.

A’ BT’ B2 Cr Cc2 D’
AE g phase [kealmol ] —10.4 —12.8 —12.6 —123 —10.9 -9.6
AEgsse [kealmol ™) —4.9 —8.6 -8.1 —6.6 -53 -35
AEpem [kcalmol’l] 0.4 =30 -2.5 —-1.7 -1.9 -0.6
dist. (O)H~H(W) [A] 1.706 1.812(H1) 2.066(H1) 2.032 1.809 1.725
1.919(H2) 1.688(H2)
dist. (O)H~W [A] 3.020 2.792 2.822 2,690 2,612 2.898
¥ O-H~HW 151.7 154.0(H1) 139.2 (H1) 133.0 142.1 1515
140.8 (H2) 158.0(H2)
X O—H-W 150.6 166.9 164.2 172.8 176.7 158.9
For [A]® 1.694 (=0.002) 1.706 (0.010) 1.715 (0.019) 1.696 (0.000) 1.723 (0.027) 1.739 (0.043)
rua [A]® 1.734 (0.008) 1.718 (=0.008) 1708 (=0.018) 1.734 (0.008) 1.734 (0.008) 1.723 (=0.003)
P [A] 1743 (0.006) 1.736 (—0.001) 1.737 (0.000) 1.739 (0.002) 1.728 (~0.009) 1.724 (~0.013)
Aqwm —0.005 —0.130 -0.102 —0.189 -0.149 0.024
Agiy™ 0.003 -0.014 —0.039 0.016 —0.002 0.012
AqHz[h] 0.006 —0.067 —0.065 0.012 0.003 —0.038
Aqm[h] —0.084 0.016 0.014 —0.018 —-0.037 —0.067

[a] Value of Ar (Fempi—Fiee) in parentheses. [b] Ag = geomp—3re. [c] Calculated intensity in parentheses (4, 10* Lmol ' cm ).

er (W)H--H(O) and W--H(O) distances in structures A"—
D” and to nearly linear W-+-H—O angles in structures B"—
D", illustrating the effect of cooperativity in hydrogen bond-
ing.

The most stable adducts are B for TFE (—11.9 kcalmol !
relative to the separated species) and B1' for HFIP
(—12.8 kcalmol '), involving the main interaction with a hy-
dride ligand and the metal. However, the isomers involving
the main interaction with the metal atom (C for TFE and
CY’ for HFIP) are only marginally less stable, whereas the
adducts in which the proton donor interacts mostly with the
H3 site (A/A" and D/D’) are significantly less stable, in spite
of the fact that this hydride ligand appears the most hydridic
in the trihydride ground-state structure (see Figure 2). Note
that, for each pair of structurally related adducts, HFIP
shows a stronger interaction than TFE by approximately
1 kcalmol !, in agreement with the stronger acidity of the
former. In quantitative terms, the uncorrected gas-phase
values are too high, the gas-phase BSSE-corrected values
are closer, whereas the values calculated using the polariza-
ble continuum model for the solvent are too small. The or-
dering of the two most stable species is preserved upon in-
troducing the BSSE correction and the PCM.

The energy ordering found for the [CpW(dhpe)H;]- TFE
adducts parallels that previously observed for the corre-
sponding [CpMo(dhpe)H;] TFE adducts.””! For each pair of
structurally related adducts, the W complex shows a stron-
ger interaction than the Mo analogue, in agreement with the
stronger basicity of the former. The preference for B versus
C is nearly the same for the two metal systems. However, it
is interesting to note that the relative contribution of the
metal atom to the H-bonding interaction increases on going
from Mo to W in both adducts B and C (Figure 7). For both
species, the H--H distance only marginally shortens (for H2
in B) or lengthens (for H1 in B and for H3 in C), whereas
significant shortening would be expected for dihydrogen
bonding to a stronger base. At the same time, the M---H dis-
tance becomes significantly shorter on going from Mo to W.
In conclusion, the calculations suggest that the preferred H-
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Figure 7. Comparison of H-bond lengths and angles for the [CpM-
(dhpe)H;]- TFE adducts B and C (M =Mo, W).

bonded species for the [CpM(dhpe)H;] (M =Mo, W) model
complexes feature bifurcate interactions with both M and
H, rather than with either a metal lone pair or hydride
ligand solely. However, the metal-atom contribution increas-
es on going from Mo to W.

The only previous theoretical work addressing the metal
influence on hydrogen bonding is the study of dihydrogen-
bonded complexes of [MH(CO),(NO)(PH;),] (M=Mo, W)
with HF by Orlova and Scheiner.[*) Their B3PW91 compu-
tations revealed the dihydrogen-bonded complex of tung-
sten hydride to be only 0.3 kcalmol™' more stable than that
of molybdenum. The presence of strong m-accepting ligands,
CO and NO, makes the metal atom in these hydride com-
plexes a poor proton acceptor. Thus, the relatively short
M:--H(F) contact found is only an additional interaction,
which, in contrast to the trihydrides discussed herein, length-
ens on going from MoH--HF to WH--HF.

The proton-transfer product, [Cp*W(dppe)H,]*: The quan-
titative protonation of complex [Cp*W(dppe)H;] by HPF;

Chem. Eur. J. 2008, 14, 9921 -9934
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and the X-ray structure of the resulting product, [Cp*W-
(dppe)H,]PF;, have been described previously.*!! The prod-
uct adopts a classical tetrahydride structure. In the present
study, we investigated the proton-transfer processes using
fluorinated alcohols of different strength and p-nitrophenol,
as well as the strong acid HBF,. NMR investigations carried
out at low temperature reveal that in all cases the tetrahy-
dride product is formed directly, without the detection of
any intermediate (notably nonclassical species). This behav-
jor is identical to that of the Mo analogue.”) Before discus-
sing the details of the interaction with the weaker acids, we
analyze in more detail the nature of the proton-transfer
product from the experimental and computational points of
view.

The optimized geometry of the model [CpW(dhpe)H,]*
complex (Figure 8) is in agreement with the X-ray data pre-
sented earlier for [Cp*W(dppe)H,]"PF,".*!) An even closer

L\ [ !
\'ﬁ
Hp 1692 -
1.680
N, 70
w1722
H1 Orgo (1.718)
(1.684)f [1.723 [\
& 1.716
¢ \]’4(4 ) o~
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& .
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Figure 8. Left: Optimized geometry of the [CpWH,(dhpe)]*. W—H bond
lengths are in A. The values in parentheses correspond to those opti-
mized for the real cation (right).

agreement is obtained by optimization of the system with
the real ligands (Figure 8). This geometry is also very close
to that optimized for the analogous Mo complex.””! A
second, higher-energy isomer was also located (see Support-
ing Information). On the other hand, at variance with the
Mo analogue, no stable mini-

mum could be located for a

nonclassical isomer, namely a "

dihydrogen complex of type - H
[CpW(dhpe)(n-H,)H,]*. This s
is in line with the preference of m}
(early) third-row transition- <
metal polyhydrides to exist as v, = 1975 cm’!
classical species.”*!] 3 _—
The coordination geometry
of the energy minimum can be Lt 4567
viewed as a distorted pentago- W-H2 0.015
nal bipyramid, with four hy- W-H3 0.014
dride ligands and one of the W-H4 0.000

phosphorus atoms describing
the pentagonal plane and the
second phosphorus atom and
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the Cp* ring centroid in the axial positions. The hydride li-
gands bear similar small positive Mulliken charges of ap-
proximately 0.06 units, but differ in distance to the metal
(Figure 8). Correspondingly, the frequency calculations give
two pairs of normal modes that can be described as symmet-
ric and asymmetric stretching vibrations involving pairs of
equivalent hydrides (Figure 9). This is in good agreement
with the experimentally observed spectrum of [Cp*W-
(dppe)H,]*BF,, which features two lower- and two higher-
intensity bands after the subtraction of dppe overtones (see
Figure S3 in the Supporting Information).

The proton affinity of the tungsten trihydride, calculated
as —AH (298 K) for the reaction with H, is 255.1 kcalmol ™"
with respect to more stable [CpWH,(dhpe)]* isomer, being
only 15 kcalmol ™ higher than that for the analogues molyb-
denum complex (240.3 kcalmol™!). When taking into ac-
count the real system, the proton affinities of the metal hy-
drides increase by about 20 kcalmol™! for both the tungsten
and the molybdenum complexes, being 274.5 and 263.2 kcal
mol ™!, respectively.

Experimental study of the proton-transfer thermodynamics:
As mentioned above, the interaction of [Cp*W(dppe)H;]
with fluorinated alcohols results in partial protonation, the
extent of which depends on the strength and amount of
proton donation. The proton-transfer equilibrium for the
[Cp*W(dppe)H;]/HFIP system was investigated in toluene
by UV spectroscopy in the 190-240 K range. The trihydride
complex shows a wide band at 425 nm (A4,,=100 nm) with
an extinction coefficient of 2128M~'cm ™!, whereas the tetra-
hydride complex has a negligible absorption in this region
(Figure 10). The UV-visible properties of the hydrogen-
bonded complexes are essentially indistinguishable from
those of the free hydride complex.?**! Upon addition of
three equivalents of HFIP at 190 K, 90% of the complex
converts to the tetrahydride product, leading to a decrease
in absorption intensity. This intensity slowly increases upon
heating, demonstrating the reversibility of the proton-trans-
fer process, the equilibrium shifting toward the trihydride
complex as the temperature increases. These spectral

. s !
e .ok o e
AT O

v, = 1960 cm’! v, =1892 cm’! v, = 1860 cm!
0.098 0.316 0.314
0.015 0.010 0.005
0.970 0.003 0.011
0.001 0.602 0.379
0.013 0.384 0.600

Figure 9. W-H normal modes of the DFT optimized [CpWH,(dhpe)]* with their frequency, intensity (A,
10* Lmol'em™?), and potential-energy distribution (major components are in bold italic). The Cp- and P-
bonded H atoms and ethylene backbone have been omitted for clarity.
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Figure 10. UV/Vis spectra of [Cp*W(dppe)H;] (0.0015m in toluene, 0.22-
cm cell): a) alone; b) [Cp*W(dppe)H,]*[OCH(CF;),]” obtained by addi-
tion of 30 equiv HFIP, and c—d) in the presence of HFIP (0.0045M) over
10-K temperature increments in the 190-240 K range.

changes allowed calculation of the proton-transfer equilibri-
um constants [Eq. (2)], assuming that the ionic complex has
the same 1:1 composition as determined for p-nitrophenol
(see below).

[WH;] + RFOH= [WH;] - - - HORF= [WH,]" - - - ORF~

X, X, (2)

Taking into account the K

constants determined by IR 2

bonded phenol, H-bonded or free anion). The exact band
positions and extinction coefficients are solvent and temper-
ature dependent: for example, PNP absorbs at 309-318 nm
(loge=9.36-9.57) in THF, at 305-312 nm (loge=8.99-9.21)
in CH,CL,”! and at 300-310 nm (loge="7.50-7.67) in tolu-
ene in the 290-200 K range. The p-nitrophenolate anion (as
Bu/N"* salt) shows a band at 430-425nm (loge=10.22—
10.24) in THF, and at 433-428 nm (loge=10.21-10.22) in
CH,(l, in the same range.

As was previously observed for other hydrides interacting
with  p-nitrophenol  ([Cp*FeH(dppe)],””)  [Cp*MoHs;-
(dppe)].?! and [PP;MH,]* with PP,=P(CH,CH,PPh,),
and M=Fe, Ru, and Os), the UV/Vis spectra of
PNP/[Cp*WHj;(dppe)] mixtures at 200 K in toluene exhibit
a wide band of a complex shape, resulting from the overlap
of three bands of PNP in its different forms: free phenol
(310 nm), hydrogen-bonded phenol (339 nm), phenolate
(376 nm), as well as the broad band of the trihydride com-
plex at 425 nm. The phenolate band is blue-shifted from the
free p-nitrophenolate band by 36 nm, because of hydrogen
bonding to [Cp*WH,(dppe)]*. A titration experiment
(Figure 11) allowed establishment of the 1:1 stoichiometry
of hydrogen-bonded ion pair [Cp*(dppe)WH,]"-[OAr] .

Note that an analogous study of complex [Cp*Fe(dppe)H]
showed instead a 1:2 bonding stoichiometry, suggesting for-
mation of a hydrogen-bonded ion pair between the non-
classical cation and the homoconjugated anion [Cp*Fe(n*-

spectroscopy for the hydrogen- A 084

bond formation (see above), A

the van’t Hoff analysis yielded s 0.6

the proton-transfer-equilibrium

constant in toluene, K,, at each 041

temperature and consequently 53 >

AH,=—-3.940.3 kcalmol ™ 021 &

and accordingly AS,=

1742 calmol'K™'. Unfortu- 0285 335 385 435 485 535 585 ° 0 0.2 0.4 0.6 0.8

nately, no direct comparison
can be made to thermodynam-
ics of hydrogen bonding and
proton transfer of other sys-
tems ([Cp*FeH(dppe)] +
HFIP>!  or  [Cp*MoHs;-
(dppe)]+TFE®)) because the
latter were obtained in a more
polar solvent, CH,Cl,. However, considering that the less
polar toluene solvent should disfavor proton transfer, the
present system, [Cp*WH;(dppe)]+HFIP, gives the highest
proton-transfer-enthalpy value, in agreement with the great-
er basicity of the trihydride complex.

The [Cp*W(dppe)H;] protonation was also investigated
by using p-nitrophenol (PNP). This proton donor has the ad-
vantage of being a convenient chromophore, with an absorp-
tion band centered at quite different positions in the visible
region as a function of protonation state (neutral phenol, H-

Alnm

380 nm.
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molar fraction [Cp*WH;(dppe)]

Figure 11. Left: UV/Vis spectra (toluene solution, 200 K, 0.12-cm cell) of: a) p-nitrophenol (3x107*m);
b) [Cp*W(dppe)H;] (3x107*M); c-h) p-nitrophenol in the presence of increasing amounts of [Cp*W (dppe)H;]:
3.7x107°M (c), 7.5x107° (d), 1.5x107* (e), 3x107* (f), 45x107* (g), 6x10~* (h). Right: intensity changes at

H,)(dppe)]*-[ArOHOAr]",® whereas the molybdenum
analogue [Cp*Mo(dppe)H;] shows again formation of a 1:1
ion pair with the p-nitrophenolate, [Cp*(dppe)MoH,]*
...[OAr]j[w]

The interesting solvent effect was noted for this system
when THF was used. The equilibrium between PNP and
[Cp*WH;(dppe)] or PNP-anion and [Cp*WH,(dppe)]|BF,
(at 1:1 ratios) appeared to be completely shifted to the left
in this solvent (envelop of the overlapping bands of “free”
PNP and [Cp*WH;(dppe)] were observed in both cases),
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probably due to highly favored specific solvation of the
phenol (hydrogen-bonding PNP-THF).

Kinetics of the proton-transfer process: The kinetics of
[Cp*W(dppe)H;] protonation was investigated by stopped-
flow with UV/Vis detection in CH,Cl, and toluene. The ki-
netics were studied at variable WH;/HORF ratios under
pseudo-first-order conditions (large alcohol excess). The re-
action with TFE, HFIP, and PFTB was explored, however,
only the data obtained for PFTB lead to reliable results.
The representative plots are shown in Figure 12. Surprising-
ly, a nonlinear dependence on the HORF concentration was
found for the observed rate constant, k., in contrast to our
previous kinetics studies on [Cp*Fe(dppe)H].*

g 4
6 4
o
8
X
3 -
0 /Jy(. : ‘
0.00 0.01 0.02 0.03 0.04 0.05

[ROH}/mol L™

Figure 12. Dependence of the observed rate constant for the [Cp*W-
(dppe)H;] protonation on the ROH concentration. ROH=HFIP in tolu-
ene at 293 K (@), PFTB in toluene at 293 K (), CH,Cl, at 288 K (a),
and CH,Cl, at 283 K (). The solid lines correspond to the fitting accord-
ing to Equation (4) (see text).

A straightforward rationalization of this behavior is possi-
ble on the basis of the previously established kinetic model,
shown in Scheme 2. The resulting expression for the ob-
served rate constant is represented in Equation (3):

K, K,k[RFOHJ?
1+ K,[RFOH] + K, K,[RFOHJ?

kg = 3)

The last term (proportional to the 1:2 adduct) can reason-
ably be neglected to yield Equation (4). According to this
model, the [RFOH] dependence is a function of the hydro-
gen-bonding equilibrium: under conditions in which the
dominant species is free hydride, the expression simplifies to

K,
[Cp*WH;(dppe)] + RFOH = [Cp*WHs(dppe)]--HORF
K>
[Cp*WH;(dppe)]-~HORF + RFOH == [Cp*WH;(dppe)]--HOR'--HORF
k (s + o F, Fq-
[Cp*WH3(dppc)]-~-HORF---HORF — [Cp*WHy(dppe)]” + [R"OHOR"]

Scheme 2. Kinetic model for proton transfer to [Cp*WH;(dppe)].

Chem. Eur. J. 2008, 14, 9921 -9934

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

yield a second-order dependence on [RFOH], whereas a
first-order behavior is expected if the dominant species is
the 1:1 adduct, [Cp*W(dppe)H;]-“HORF. The observed be-
havior is consistent with Equation (4):

F 2
s ~ R o @
1

in which the two terms in the denominator (proportional to
free hydride and 1:1 adduct) are equally important, which
allows a reasonable fit of the kinetics data, as shown in
Figure 12.

The two independent parameters adjusted by the least-
squares fitting are K; (in Lmol ') and (K,k) (in s™' Lmol ™),
which are given in Table 4. The K,k parameter can be treat-

Table 4. Hydrogen-bond formation and proton-transfer rate constants for
the reaction of [Cp*W(dppe)H;] with alcohols.

RFOH solvent T K, Kk AG*
K] [Lmol™] [s'Lmol "] [kcalmol ']
HFIP toluene 293 13 165 14.2
PFTB toluene 293 31 214 14.0
PFTB CH,Cl, 288 62 528 13.3
PFTB CH,Cl, 283 75 463 13.1

ed as an effective rate constant because the individual
values of K, and k are highly dependent on each other,
making it impossible to derive them on the basis of these
data. The values resulting from the data fitting for HFIP
carry large uncertainties; no reasonable values could be ob-
tained for the reaction with this alcohol in CH,Cl,. Howev-
er, we include herein the data in toluene to discuss them at
the qualitative level.

The values of hydrogen-bond formation constants, K;, are
in agreement with those estimated using H-bond enthalpy
and entropy values obtained from IR data. Their increase
on going from HFIP to PFTB is consistent with the greater
proton-donor ability in H-bonding of PFTB. The K, values
also increase on going from toluene to dichloromethane, as
one could expect based on the ability of toluene to bind
proton donors and, therefore, to lower their activity in hy-
drogen bonding.** The effective rate constants, K,k, are
higher for PFTB than for HFIP, in agreement with the
stronger acidity of the former. The reaction rate substantial-
ly increases in more polar dichloromethane, the K,k values
being more than double those in toluene, even at slightly
lower temperatures.

It is also interesting to compare the above results with
those obtained in the corresponding proton transfer by
HFIP and PFTB to [Cp*Fe(dppe)H].” For the Fe system,
more marked first-order behavior was observed for both
proton donors. This is probably not related to greater K,
values, because the iron hydride complex is a weaker base
(E;=1.36+0.02) than the tungsten trihydride complex.
Rather, it is related to the greater [R"OH] used in that
study (in the 0.05-0.2m range). The effective rate constants,
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K,k, are higher for [Cp*W-

Table 5. Calculated proton-transfer reaction energies [kcalmol ].

(dppe)H;] than for [Cp*Fe- Ion-pairing energy, AE"  Proton-transfer energy, AEy”  Proton-transfer energy, AE'py
(dppe)H], in agreement with ion pair in CH,Cl, separated ions in CH,Cl, ion pair in CH,Cl,
higher basicity of the tungsten  [CpWH;(dhpe)]
complex and stronger interac- TFE 118.9 362
. . . TFE), 88.7 229
tion at the first reaction ste ( 2
, P e 957 ~15.1 98.0 2.0 13.3 (2.3)¢ 87 (6.9)

hydrogen bonding. The other  yppp), 740 70 61.0 13 17 (~13.009 3.1 (=5.7)
notable difference between the  [Cp*WH,(dppe)] 99.2 28.6
two systems is that for the iron  (TFE), 69.1 104
compound, K,k changes by HFIP —81.8 —135 78.4 143 8.7 (=3.4)¢ 4.7 (0.8)

’ (HFIP), —65.0 -84 41.4 —-11.5 —7.4 (=23.6)1 —11.4 (-19.9)

more than one order of magni-
tude on going from PFTB to
HFIP in CH,Cl, (156 and
54s'Lmol™!, respectively),
whereas the values are more
similar for the tungsten trihy-
dride complex and are mark-
edly higher at that. This difference could be due to a smaller
discrimination of the proton-donor strength in the case of
the more basic W compound.

The values of k., do not greatly change in response to
temperature (Figure 12). This is probably due the to simulta-
neous dependence of K;, K,, and k on temperature: whilst
the two equilibrium constants are expected to decrease as
temperature increases (the H-bond formation is exother-
mic), the proton-transfer rate constant increases. Thus, two
effects cancel each other out. The activation free energy,
AG™, values calculated from the rate constants in Table 4
are notably lower than those for the above-mentioned
[Cp*Fe(dppe)H] system in CH,Cl, (AG¥ ¢ =14.5 kcal
mol~' for PFTB and 16.5 kcalmol ™' for HFIP).

ing Information.

Computational study of the proton-transfer process: To esti-
mate the energy barrier and the energy gain associated with
the proton-transfer process, the reaction coordinate leading
from the hydrogen-bonded species to the tetrahydride prod-
uct was studied both in the gas phase and in CH,Cl, by com-
putational methods. The calculations explain how several
factors, namely ion pairing, alcohol strength, substituent
(Me, Ph), and solvent effects, contribute to the product sta-
bilization, resulting in the net exothermic proton-transfer
process observed for the real system.

As mentioned above, [CpWH;(dhpe)] possesses quite
high proton affinity (energy of the reaction with H* is
highly negative). However, when two neutral species (the
trihydride and the alcohol) are converted to two isolated
charged species in the gas phase, the proton-transfer prod-
ucts are highly destabilized because of the charge separation
(Table 5). This energy penalty, AEpr, is lowered upon consid-
ering the effect of a second alcohol molecule, which affords
a hydrogen-bonded (ROH), species on the side of the reac-
tants and a homoconjugate anion, (RO--H--OR)~ on the
side of the product. As the presence of the methyl substitu-
ents on the Cp ring and the phenyl one on the P-ligands
allows a better stabilization of the positive charge, these en-
ergies appeared to be substantially lower for the real
system. As may be expected, the acidic strength of the
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[a] Relative to the separated ions. [b] Relative to the separated neutral reactants. [c] lon pair relative to the H-
bonded adduct C2' presented in the reaction coordinates (Figure 13) and, in parentheses, to the separated neu-
tral reactants. [d] Ion pair relative to the H-bonded adduct D” presented in the reaction coordinates
(Figure 14) and, in parentheses, to the separated neutral reactants. [e] For structures, see Figure S5 in Support-

proton donor also affects considerably the thermodynamics
of the proton transfer, making it more favorable on going
from TFE to HFIP. Finally, the solvent plays a major role in
stabilizing the charged species: calculations with the polariz-
able continuum model (PCM) in CH,Cl, show the markedly
reduced endothermicity. As a result, for the reaction of
[Cp*WH;(dppe)] with two HFIP molecules in CH,Cl,, the
separated ions are found 11.5 kcalmol™' below the neutral
reactants.

Until now we have considered separated anion and cation
as the product, however, ion-pair formation between the tet-
rahydride cation and the anion may be expected in CH,Cl,
solution. Thus, ion pairs with one and two HFIP units were
optimized for the model and real cations (for the latter
structures, see Figure S5 in Supporting Information). Forma-
tion of a hydrogen-bonded ion pair with HFIP anions is
highly favorable not only in the gas phase, but also in solu-
tion (Table 5). Note that the ion-pairing energy, AE, is
lower for the homoconjugate anion, [(CF;),CHO--H-+-OCH-
(CF;),]™, in agreement with its lower basicity relative to
simple [(CF;),CHO]". This can also be appreciated from the
(W)H--O distances (with one HFIP the H--O distance is
2.460 A, and with two, the distance from the two oxygen
atoms are 3.143 and 3.166 A) As the result of the ion-pairing
stabilization, the proton-transfer reaction energy, AE'py, be-
comes less endothermic and even exothermic and remains
such in solution. Notably, despite the destabilization of all
the species, passing from the gas phase to solution makes
the proton-transfer reaction more favorable.

To estimate the energy barrier associated with the proton-
transfer process, the reaction coordinate leading from the
hydrogen-bonded species to the tetrahydride product was
studied both in the gas phase and in CH,Cl, by computa-
tional methods. The proton-transfer process from HFIP to
the model complex, [CpWH;(dhpe)], was the subject of a
more complete investigation along the proton-transfer path-
way, using the O-H distance of the HFIP molecule as the
key parameter. Species C2', featuring interaction with the W
and H3 atoms, was chosen for the proton-transfer-coordi-
nate study by analogy to the previous Mo study.” The re-
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sults obtained in the gas phase and in dichloromethane are
presented in Figure 13. The coordinate presents a maximum
at 18.7 kcalmol ™' in the gas phase, and 14.9 kcalmol™! in
CH,Cl,, for an O—H distance of 1.7 A. The W—H distance is
1.786 A and the distance between the transferring proton
and the closest hydride is 1.855 A. Thus, there is no indica-
tion for the formation of a nonclassical H, complex along
this proton-transfer pathway.
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Figure 13. Proton-transfer reaction coordinates for species C2’ in the gas

phase and in dichloromethane. Solid line and squares: in the gas phase;

dashed line and triangles: in dichloromethane solution. The O—H length
of the transferring proton was taken as the reaction coordinate.

The minimum located at the end of the reaction coordi-
nate presents a geometry close to that of the isolated tetra-
hydride complex, the W—H distances being 1.695, 1.693,
1.693, and 1.724 A (cf. 1.690, 1.692, 1.722, and 1.723 for the
isolated tetrahydride complex). The deprotonated base of
the proton donor is still in proximity and interacts with the
ligands. Instead of the expected (W)H--O(Rg) bond, the
oxygen atom is located near a phosphine group,
(P)H--O(Rf)=2.457 A, and the newly formed W—H bond is
in close proximity to one of the anion C—H bonds,
(W)H-H(C)=2.084 A. This result is clearly related to the
use of the dhpe model. The barriers calculated for this pro-
cess are sensibly lower than those for the same process oc-
curring at the analogous Mo complex (24.7 and 22.8 kcal
mol~! in the gas phase and in CH,Cl,, respectively).?”

Because the proton-transfer reaction from fluorinated al-
cohols was shown to involve the active participation of a
second proton-donor molecule (see above), we also investi-
gated the reaction coordinates considering two HFIP mole-
cules. Two [CpW(dhpe)H;]-2 HFIP minima (C2” and D", see
Supporting Information) were chosen for this study. Species
C2” is configurationally related to that of above-described
investigation with a single HFIP molecule, except that the
interaction is stronger with W and weaker with H3, whereas
D" exhibits a much stronger interaction with the H3 ligand
and a weaker one with W. Both pathways yield an earlier
maxima on the proton-transfer reaction coordinates and
lower energy barriers than the pathway involving a single
HFIP molecule, paralleling the results reported previously
for the ([Cp*Fe(dppe)H]+2CF;COOH) and ([Cp*Mo-
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(dppe)H;]+2HFIP) systems.” The lower-energy pathway
is that resulting from adduct D”, the results being presented
in Figure 14 (those obtained from C2” are presented in the

O-H distance (HFIP) /A

Figure 14. Proton-transfer reaction coordinate for species D” in the gas
phase and in dichloromethane. Plain curve and squares: in the gas phase;
dashed line and triangles: in dichloromethane solution. The O—H length
of the transferring proton was taken as the reaction coordinate.

Supporting Information). The maximum of the potential-
energy curve is located at 8.7 kcalmol ™! in the gas phase and
8.8 kcalmol™' in dichloromethane, for an O—H distance of
1.3 A (cf. 10.6 and 9.0 kcalmol !, respectively, for the C2”
pathway). These barriers are lower than those calculated for
the Mo system (11.2 and 9.4 kcalmol ' in the gas phase and
in dichloromethane, respectively). The geometry of the max-
imum shows a small H-H distance of 1.102 A and a W—H
distance for the transferring proton of 2.215 A. Thus, this
structure may be described as an asymmetric, nonclassical
species. However, no stable minimum corresponding to a
nonclassical intermediate could be located along the proton-
transfer pathway. The product of the proton transfer shows
once again the geometry of the stable tetrahydride mini-
mum, with W—H distances of 1.725, 1.698, 1.686, 1.710 A,
with weak interaction with the anionic group through the
transferred hydride ligand, (W)H:-O=2.384 A, and the
phosphine H atom, (P)H--0=2.083 A.

Discussion

The main interest of this work resides in the comparison of
basicity, hydrogen bonding, and proton-transfer mechanism
of the two homologous complexes [Cp*M(dppe)H;] (M=
Mo, W). The two compounds adopt an identical structure
and are reversibly protonated to yield an identical classical
tetrahydrido product, [Cp*M(dppe)H,]*, without detection
of a nonclassical intermediate. However, whereas the Mo
complex can loose H, in coordinating solvents or in the
presence of coordinating anions,***!! the W complex is
stable under the same conditions.”!! Thus, a reasonable
question is whether the preferred position of hydrogen
bonding and proton transfer may be the metal site and
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whether the reaction mechanism may be different for two
metal hydrides. For the Mo species, the experimental re-
sults™® suggest that the hydrogen bonding occurs at a hy-
dride ligand, and an additional interaction with the metal
atom is revealed by calculations. However, this H-bonded
intermediate leads to the final classical tetrahydride product
without experimental detection of an intermediate dihydro-
gen complex, [Cp*Mo(dppe)(n*-H,)H,]*. Calculations on
the proton-transfer pathway for the model [CpMo(dhpe)H;]
system revealed the existence of the dihydrogen complex
[CpMo(dhpe)(n*-H,)H,] " in a shallow local minimum, and
the rearrangement to the classical tetrahydrido isomer
occurs with an extremely small barrier.

The present [Cp*W(dppe)H;] system displays a record
high basicity in hydrogen bonding (E;=1.7440.03 compared
to the value of 1.42+0.02 for the Mo analogue). Thus, one
could expect similar but more pronounced spectroscopic
changes if the hydrogen-bonding sites would be the same
for two metal systems. But this is not the case; the different
IR-spectroscopic results observed for the hydrogen bonding
to two hydrides suggest differences in the structure of H-
complexes. The DFT calculations of the hydrogen-bonded
complexes reproduce the experimental finding of the stron-
ger interactions in the order W>Mo and HFIP >TFE. The
geometry optimization in the gas phase reveals also that for
either metal system the preferred H-bonded structures fea-
ture interactions with both metal atom and hydride ligand,
however, a M--HO contribution increases and a M—H---HO
contribution decreases on going from Mo to W.

A second important difference is that no [CpW(dhpe)(n?*
H,)H,]" intermediate was located along the proton-transfer
pathway by the DFT calculations, but one of the possible re-
action-coordinate maxima (the lowest-energy one) has a
nonclassical character. It may be stated that the protonation
process involves a direct transfer to the metal site, although
involving assistance by a hydride ligand. The absence of a
nonclassical minimum is also suggested qualitatively by ex-
perimentally observed differences in reactivity. Whereas the
Mo complex loses H, in coordinating solvents or in the pres-
ence of coordinating anions,”**! the W complex is stable
under the same conditions.”"!

As hydrogen bonding can be regarded as the incipient
stage of proton transfer, the protonation occurs easier, that
is, the proton-transfer barrier becomes lower, as the base be-
comes stronger. Indeed, the proton-transfer barrier estimat-
ed from the stopped-flow kinetic data for [Cp*WH;(dppe)]
is lower than for [Cp*FeH(dppe)] with the same alcohols
(HFIP or PFTB), in agreement with the greater basicity of
the tungsten complex. This involves the active participation
of the second alcohol molecule, which as shown by theoreti-
cal calculations for this and other systems,***! strengthens
the primary hydrogen bond through a cooperative effect
and lowers the proton-transfer barrier. However, the 1:1
composition was determined for the proton-transfer prod-
uct, the hydrogen-bonded ion pair [Cp*WH,(dppe)]*
-[OR]~, whereas a 1:2 stoichiometry was found for the pro-
tonation of [Cp*MH(dppe)]®?" and PP;MH, hydrides,™
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yielding [L,M(n*H,)]"+[ROHOR] . A possible rationaliza-
tion of this phenomenon could be the weaker acidity of clas-
sical polyhydride species relative to nonclassical ones, so it
can be stabilized by stronger interaction with [OR]™ and
withstand a deprotonation.® This rationalization finds sup-
port in the computational results.

According to both experimental and theoretical results
the protonation reaction is more exothermic for the W
system, in agreement with its greater basicity in hydrogen
bonding and proton affinity. The thermodynamic parameters
of hydrogen bonding and proton transfer were obtained for
[Cp*WH;(dppe)]+HFIP in toluene. Due to the solvent
effect™? these values are lower than they would be in
CH,Cl, (the solvent used for other studies, [Cp*FeH-
(dppe)]+HFIP”! or [Cp*MoH;(dppe)]+TFE®™)). Never-
theless, they exceed other systems in agreement with the
greater basicity of the tungsten trihydride complex.

The cumulative experimental and theoretical results allow
different reaction energy profiles to be drawn for the Mo
and W systems, as shown in Figure 15. The stronger H-bond-

Figure 15. Qualitative energy profile for the proton transfer to [Cp*M-
(dppe)H;] (M =Mo, dashed curve; W, solid curve).

ing, greater stability of the tetrahydrido protonation prod-
uct, and lower activation barrier for the proton-transfer step
are the salient features of the tungsten system in respect to
the molybdenum congener. The stronger participation of the
metal in hydrogen bonding assists the direct proton transfer
to the tungsten atom, and the dihydrogen complex found for
molybdenum disappears as a minimum along the reaction
pathway in the case of tungsten. Such differences in the
proton-transfer mechanism and the character of the energy
profile could be expected for hydride complexes of electron-
rich metals bearing donor ligands descending the group
(from 2nd to 3rd transition row).

Conclusion

Basic knowledge accumulated over the last two decades sug-
gests that a direct proton transfer to a metal lone pair is an
unlikely event in the presence of hydride ligands, which are
considered to be the kinetic site of the proton attack even if
a classical di-(poly)hydride would be a thermodynamic pro-
tonation product. According to both experimental and theo-
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retical results presented herein, the greater metal basicity
for tungsten in [Cp*W(dppe)H;] leads to stronger H-bond-
ing, and to the more exothermic protonation reaction
having a lower activation barrier, relative to the Mo ana-
logue. In this work evidence was obtained for the first time
for stronger (relative to the proton—hydride interaction) par-
ticipation of the metal in hydrogen bonding affecting the
subsequent proton-transfer profile, which involves a direct
proton transfer to the metal center without the formation of
a nonclassical intermediate.

Experimental Section

General: All manipulations were performed under an argon atmosphere
by using standard Schlenk techniques. All solvents were dried over ap-
propriate drying agents (Na/benzophenone for toluene or THF, CaH, for
CH,Cl,) and freshly distilled under an argon atmosphere prior to use.
The NMR solvents (Aldrich) were degassed by three freeze—pump-thaw
cycles, and then purified by vacuum transfer at room temperature. Com-
pound [Cp*W(dppe)Hs] was synthesized according to literature.!!
Spectroscopic studies

NMR investigations: Samples of the hydride [Cp*W(dppe)H;] in
[Dg]toluene were prepared under an argon atmosphere in 5-mm NMR
tubes. The 'H and *'P{'H} data were collected by using a Bruker AV500
spectrometer, operating at 500.3 and 202.5 MHz, respectively. The tem-
perature was calibrated using a methanol chemical-shift thermometer;
the accuracy and stability was £1 K. All samples were allowed to equili-
brate at every temperature for at least 3 min. The spectra were calibrated
with the residual solvent resonance (‘H) and with external 85% H,PO,
(*'P). The conventional inversion-recovery method (180-7-90) was used
to determine the variable-temperature longitudinal relaxation time 7.
Standard Bruker software was used for the calculation of the longitudinal
relaxation time.

IR and UV/Vis investigations: The IR measurements were performed by
using the “Infralum 801” FTIR spectrometer with CaF, cells of 0.04—
0.22-cm path length. The UV measurements were performed by using
Specord M-40 and Varian Cary5 spectrophotometers. All measurements
were carried out by use of a home-modified cryostat (Carl Zeiss, Jena) in
the 190-290-K temperature range. The cryostat modification allows oper-
ation under an inert atmosphere and transfer of the reagents (premixed
either at low or RT) directly into the cell pre-cooled to the required tem-
perature. The accuracy of the temperature adjustment was £1 K.

Computational details: Calculations were performed using the Gaussi-
an 98 package at the DFT/B3LYP level.5*>! Effective core potentials
(ECP) were used to represent the innermost electrons of the tungsten
atom as well as the electron core of phosphorous atoms.’* The basis
set for the W and P atoms was that associated with the pseudopoten-
tial 7% with a standard double-& LANL2DZ contraction,”* supplement-
ed in the case of P with a set of d-polarization functions.” The carbon
and hydrogen atoms of the transition-metal complexes that are not
bonded to the metal atom, together with the atoms of proton-donor mol-
ecules (C, F, H) that are not involved in hydrogen bonds, were described
with a 6-31G basis set.”) The carbon and hydrogen atoms directly
bonded to the metal and the proton-donor molecules (hydrogen and
oxygen atoms) involved in hydrogen bonding were described with a 6—
31G(d,p) set of basis functions.”! Geometry optimizations were carried
out without symmetry restrictions. Given the impossibility of locating the
transition states in solution for technical reasons, the potential-energy
curves were explored from reactants to products by series of partial opti-
mizations in the gas phase. All the parameters were optimized except for
the O—H distance that was increased by 0.2 A at each step. The energy
corresponding to each O—H distance was then evaluated in solution, and
the maximum energy obtained along the resulting curve was taken to
give the maximum point of the coordinate. Solvent effects were taken
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into account by means of polarized continuum model (PCM) calcula-
tions, ! using standard options.”® The solvation-free energies were
computed in dichloromethane (¢=8.93) at the gas-phase optimized geo-
metries. The gas-phase complexation energies were corrected from the
basis-set superposition error according to the counterpoise method of
Boys and Bernardi.*’!
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